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Abstract

In our previous study, we obtained a large number of differentially expressed genes (DEGs) between second-generation mero-
zoites (MZ-2) and third-generation merozoites (MZ-3) of Eimeria necatrix using RNA sequencing (RNA-seq). Here, we report
two subtractive cDNA libraries for MZ, (forward library) and MZ; (reverse library) that were constructed using suppression
subtractive hybridization (SSH). PCR amplification revealed that the MZ, and MZ; libraries contained approximately 96.7% and
95% recombinant clones, respectively, and the length of the inserted fragments ranged from 0.5 to 1.5 kb. A total of 106 and 111
unique sequences were obtained from the MZ, and MZ; libraries, respectively, and were assembled into 13 specific consensus
sequences (contigs or genes) (5 from MZ, and 8 from MZ;). The gRT-PCR results revealed that 11 out of 13 genes were
differentially expressed between MZ-2 and MZ-3. Of 13 genes, 11 genes were found in both SSH and our RNA-seq data and
displayed a similar expression trend between SSH and RNA-seq data, and the remaining 2 genes have not been reported in both
E. necatrix genome and our RNA-seq data. Among the 11 genes, the expression trends of 8 genes were highly consistent between
SSH and our RNA-seq data. These DEGs may provide specialized functions related to the life-cycle transitions of Eimeria
species.
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Introduction

Avian coccidiosis is an economically important disease
caused by Eimeria species, which has resulted in severe eco-
nomic losses to the poultry industry, with annual production
losses estimated at $3 billion worldwide due to decreased feed
conversion and a high morbidity rate (Allen et al. 2005). Of
the seven Eimeria species that infect chickens, Eimeria
necatrix (E. necatrix) is a highly pathogenic coccidium which
can cause high mortality in susceptible birds. The current con-
trol methods of coccidiosis primarily rely on the use of che-
moprophylaxis or live attenuated vaccines (Sharman et al.
2010; Tewari and Maharana 2011) (e.g., “Coccivac,”
“Immucox,” “Livacox,” and “Paracox”). With the continuous
use of anticoccidials, drug resistance and drug residue have
become serious problems. In addition, there is a risk of intro-
ducing unwanted Eimeria species into the environment and
the re-establishment of virulence in the attenuated vaccines
(Martin et al. 1997). Therefore, vaccination remains a desir-
able long-term strategy for combating this disease (Tewari and
Maharana 2011), and the identification of vaccine targets that
can protect birds against coccidiosis is urgently required.
The life cycle of Eimeria species is the most straightfor-
ward of any apicomplexan parasite and includes merogony,
gametogony, and sporogony. Parasites are transmitted via
sporulated oocysts and apart from the zygote and unsporulated
oocyst stages, all other developmental stages are haploid
(Smith et al. 2002). Moreover, the genes that are expressed,
as well as the level of gene expression, vary from one devel-
opmental stage to another (Walker et al. 2015). In our previous
study, we obtained a large number of differentially expressed
genes (DEGs) between second-generation merozoites (MZ-2)
and third-generation merozoites (MZ-3) of E. necatrix using
RNA sequencing (RNA-seq), and found that the MZ-2 upreg-
ulated genes were primarily enriched for protein degradation
and amino acid metabolism (Su et al. 2017). The upregulated
genes in MZ-3 were mainly enriched for transcriptional activ-
ity, cellular proliferation, and cell differentiation (Su et al.
2017). The regulation of gene transcription results in the dif-
ferentiation and development of different biological stages.
Suppression subtractive hybridization (SSH) is a widely
used method for separating DNA molecules that distinguish
two closely related DNA samples. The cDNA library is gen-
erated by two hybridizations and subtraction techniques which
reduce abundantly expressed housekeeping genes or genes
commonly expressed in both control and treated individuals
(Diatchenko et al. 1996). As previously reported, the SSH
technique could enrich rare sequences by over 1000-fold in
one round of subtractive hybridization (Diatchenko et al.
1996; Yang et al. 2011). Moreover, SSH has allowed re-
searchers to isolate DEGs that are important for development
and differentiation as either genomic differences or at the
mRNA level within different species (Diatchenko et al.
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1999; Lukyanov et al. 2007). Compared to other techniques,
the SSH method leads to a high success rate in increasing the
number of DEGs obtained from low abundance fragments and
a low false positive rate for the results (Rebrikov et al. 2004;
Adam et al. 2012; Sahebi et al. 2014). In this study, the SSH
technique combined with quantitative reverse transcription
real-time PCR (¢RT-PCR) analysis was used to identify and
evaluate the DEGs between two developmental stages (MZ-2
and MZ-3) of E. necatrix.

Materials and methods
Ethics statement

This study was carried out in strict accordance with the rec-
ommendations outlined in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health, and
the study was approved by the Animal Care and Use
Committee of the College of Veterinary Medicine, Yangzhou
University (Approval ID: SYXK [Su] 2012-0029). All animal
care and procedures were conducted according to the rules of
the Animal Experiment Ethics Committee of Yangzhou
University.

Parasites and animals

One-day-old chicks (Suqin Yellow chickens; the Poultry
Institute of China Agricultural Academy, Yangzhou, Jiangsu,
China) were reared in a coccidia-free isolation facility and
allowed unlimited access to water and food that did not con-
tain any anticoccidial drugs or antibiotics. To confirm that the
chickens were free of infection prior to experimental inocula-
tion, feces were analyzed by salt-flotation and light microsco-
py to ensure the absence of oocysts (Shirley 1995). At four
weeks of age, the chickens were orally infected with 2.0 x 10*
E. necatrix sporulated oocysts. The Yangzhou strain of
E. necatrix was used in this study, which was originally iso-
lated from chickens that died from E. necatrix infection by the
Key Laboratory for Avian Preventive Medicine at Yangzhou
University.

Preparation of merozoites

MZ-2 and MZ-3 were collected and prepared according to the
methods described in our previous report (Su et al. 2017).
Briefly, the intestinal tissues were collected at 136 h post-
infection (HPI) and processed for merozoite isolation. The
obtained MZ-2 were purified by Percoll density gradient cen-
trifugation. Cecum tissues were collected at 144 HPI and proc-
essed for merozoite isolation and the obtained MZ-3 were
purified by DEAE-52 cellulose column chromatography.
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Total RNA and mRNA extraction

Total RNA was extracted using Trizol reagent (Invitrogen,
Carlsbad, CA, USA), according to the manufacturer’s instruc-
tions. After the integrity of the total RNA was tested with 1.0%
agarose gels, mRNA was isolated using an EZ Spin Column
mRNA purification kit (Bio Basic Inc., Toronto, Canada) fol-
lowing the manufacturer’s recommended protocol. The puri-
fied mRNA was electrophoresed prior to quantification with
an ultraviolet (UV) spectrophotometer (NanoDrop2000;
Thermo Scientific, Waltham, MA, USA), and stored at —
80 °C until use.

Construction of subtracted cDNA libraries using
the SSH technique

Two subtractive cDNA libraries were prepared. The forward
library (termed MZ,) was prepared using MZ-2 mRNA as the
tester and MZ-3 mRNA as the driver. The reverse library
(termed MZ3) was prepared using MZ-3 mRNA as the tester
and MZ-2 mRNA as the driver. The subtractive cDNA librar-
ies were constructed using a PCR-Select cDNA subtraction kit
(Clontech Laboratories, Inc., Mountain View, CA, USA) in
accordance with the manufacturer’s instructions. Briefly, 2-pug
mRNA was used to synthesize double-stranded cDNA. After
Rsal digestion and adaptor ligation, the differentially
expressed cDNAs were normalized and enriched through
two rounds of hybridization and PCR amplification. The
PCR products were purified using a DNA Fragment
Purification Kit (TaKaRa Bio, Inc., Shinga, Japan) and were
then directly inserted into T/A clone vectors using the pGEM-
T Easy Vector System (Promega Corp., Madison, WI, USA),
transformed into chemocompetent DH5« Escherichia coli

(E. coli) cells (Invitrogen; Carlsbad, CA, USA), and cultured
on Luria-Bertani broth media plates supplemented with ampi-
cillin and X-Gal/isopropyl (3-D-1-thiogalactopyranoside
(IPTG) at 37 °C overnight.

PCR identification of the cDNA insert size

White clones were randomly chosen from the transformation
plates and then incubated in liquid medium supplemented
with 100 pg/mL ampicillin at 37 °C overnight. The SSH
cDNA clone inserts were amplified by PCR using nested
primers 1 and 2R provided within the kit (Clontech
Laboratories, Inc.). The PCR settings involved 15 cycles of
94 °C for 30 s, 68 °C for 30 s, and 72 °C for 1.5 min. A 5-uL
aliquot of each PCR product was electrophoresed on 1.2%
agarose gels.

DNA sequencing and bioinformatic analysis

The clones from the two subtractive cDNA libraries were
confirmed by PCR using the SP6/T7 primer (Table 1) and then
sequenced by Huada Genomic Co. Ltd. To obtain expressed
sequence tags (ESTs), the vector and adaptor sequences were
removed. The ESTs were assembled into consensus sequences
(contigs) using Lasergene 7.0 software (http://www.dnastar.
com/t-allproducts.aspx) and subjected to a search against a
non-redundant database using the BlastX algorithm (https:/
blast.ncbi.nlm.nih.gov/). EST sequences without obvious
results in a BlastX search were searched for homology using
the BlastN algorithm (https://blast.ncbi.nlm.nih.gov/) to
presume the hypothetical proteins for the ESTs. The number
of clones which were mapped to the same sequence was
regarded as the frequency of the gene.

Table 1 The primers and gene ID

used for PCR and qRT-PCR Gene ID Forward primer (5'-3") Reverse primer (5'-3")

analysis 18S rRNA AAGTTGCGTAAATAGAGCCC TGATCCTTCCGCAGGTTC
SP6/T7 ATTTAGGTGACACTATAG TAATACGACTCACTATAGGG
MZ,-3 TCGCGTTTTGGAGAACTGAC TGTGAATGCCAAGAGCCTTC
MZ,-13 GCAAGCAGCACCAGCGAACA TGGCACGGGTCCATTGTCG
MZ,-17 CGCCAGGTGTCTAGGGAGCT CTGAGGGAGTGAAGGTTTGC
MZ,-57 TGTTGACACGGAAGTTGCTG TGACGGCATCACAGTCATTG
MZ,-71 GAGGCTCAGCTGCTAACG GGTTTAGGGTTTACCTCTGC
MZ5-30 AAGCTCATTCAGGCTTCTGC ATAAACGCAAGCCTCAACGC
MZ5-31 CGCTGCTGCTTCCTCCTA GGGTATGTCGGTCAGTTCC
MZ5-47 TGTTATTGCGGTTGGACAGC ACAATGCTTGCGATCGTGAG
MZ5-73 ATAAACGCAAGCCTCAACGC AAGCTCATTCAGGCTTCTGC
MZ;-88 TGTTATTGCGGTTGGACAGC ACAATGCTTGCGATCGTGAG
MZ5-95 TCAAGCTATGCATCCAACGC TCGAAGCTGGCAATTGTCAC
MZ5-99 AAGCTCATTCAGGCTTCTGC ATAAACGCAAGCCTCAACGC
MZ5-117 TCAAGCTATGCATCCAACGC TCGAAGCTGGCAATTGTCAC
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gRT-PCR validation of DEGs

In accordance with the sequencing and bioinformatic analysis
results, the contigs were selected for gRT-PCR to verify their
level of expression in MZ-2 and MZ-3. The E. necatrix 18S
ribosomal RNA gene (accession number: JN022588.1) was
used as the endogenous control for each reaction. The
mRNA was treated with a PrimeScript™ RT reagent kit with
gDNA Eraser (Takara, Dalian, China) to digest the genomic
DNA and synthesize the cDNA according to the manufac-
turer’s instructions. The relative quantification was performed
using the comparative threshold (CT) method after determin-
ing the CT values for reference (18s rRNA) and target genes in
MZ-2 and MZ-3 sets according to the 2-**¢" method
(Ermolinsky et al. 2008; Livak and Schmittgen 2001; Pfaffl
2006) as described by the manufacturer. Changes in mRNA
expression level were calculated after normalization to 18s
rRNA. The program calculates the ACts and the AACt with
the formulas below:

ACt = Ct_Mean(18srRNA)—Ct_Mean(Target);
AACt = ACt(MZ-2/3)-ACt(MZ-3/2);

The relative fold change of gene expression = QAN

Changes in gene expression were reported as relative fold
changes. The primers used for gRT-PCR were designed ac-
cording to the contigs using Primer Premier software version
5.0 (PREMIER Biosoft International, Palo Alto, CA, USA).
Real-time PCR was performed using SYBR Green I Real
Master Mix reagent (TaKaRa Bio, Inc.). The PCR for each
contig was performed in triplicate. Melting curves were used
to assess the reliability of the PCR analysis. The forward (F)
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2000 bp
1000 bp
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500 bp
250 bp
100 bp

2000 bp
1000 bp

2000 bp
1000 bp

and reverse (R) primer pairs used in the gRT-PCR for the
contigs are listed in Table 1.

Statistical analysis

The relative fold change of gene expression was expressed as
the mean = S.D. Statistical analyses were performed using the
Duncan’s multiple range test with SPSS 13.0. Differences
were considered statistically significant at P < 0.05.

Results
Preparation of merozoites and mRNA extraction

As the method described in our previous report, approximate-
ly 10'° MZ-2 and 10’ MZ-3 were obtained from each chicken.
A total of three batches of MZ-2 and MZ-3 were collected for
RNA isolation. Total RNA was extracted from three biological
replicates representing each developmental stage. The equal
quantity of three batches of each developmental stage with
good quality were mixed into one sample, and then were used
to construct subtractive cDNA libraries.

Construction of subtractive cDNA libraries

The second round of PCR products were purified and ligated
into the T/A clone vectors and then transformed into compe-
tent DHS5« E. coli cells. The positive clones were screened
using the blue-white colony selection method. Finally, a total
of 310 clones were randomly chosen from the two subtractive

750 bp
500 bp

250 bp
100 bp

750 bp
500 bp

250 bp
100 bp

Fig. 1 Gel analysis of the inserted cDNA fragments in MZ, (a) and MZ; (b) subtractive cDNA libraries
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Table 2 Primary analysis of the
contigs of the sequences from Library name Contigs Clone ID Length of sequence (bp) Sequences
subtractive library
Mz, Contig 1 MZ,-3 621 1
Contig 2 MZ,-13 1089 1
Contig 3 MZ,-17 1035 34
Contig 4 MZ,-57 1120 41
Contig 5 MZ,-71 1105 29
Total of 5 contigs - - Total 106 sequences
MZ; Contig 1 MZ5-30 927 31
Contig 2 MZ;-31 979 2
Contig 3 MZ;-47 841 17
Contig 4 MZ5-73 504 7
Contig 5 MZ;-88 917 11
Contig 6 MZ;-95 841 9
Contig 7 MZ5-117 840 3
Contig 8 MZ5-99 1674 31

Total of 8 contigs

Total 111 sequences

libraries, in which 150 and 160 were obtained from the MZ,
and MZ; subtractive cDNA libraries, respectively. Based on
the PCR analysis, the insert efficiency of the MZ, and MZ;
subtractive cDNA library clones were nearly 96.7% (145/150)
(Fig. 1a) and 95% (152/160) (Fig. 1b), respectively. The insert
fragments were typically between 500—1500 bp (Fig. 1).

<DNA sequencing
Out of 260 sequenced positive clones, 217 clones (106

from MZ, and 111 from MZ;) produced high-quality se-
quences. The cDNA sequences of the ESTs ranged from

504 to 1674 bp (Table 2). Each EST sequence was sub-
jected to BlastX and BlastN searches to identify homolo-
gous sequences deposited in the National Center for
Biotechnology Information (NCBI) database (www.ncbi.
nlm.nih.gov/). The 106 ESTs from the MZ, library
matched five homologous sequences with identities of
98-99%, which were similar to E. necatrix
heterogeneous nuclear ribonucleoprotein A3, E. necatrix
aldehyde dehydrogenase, and E. necatrix hypothetical
protein. The 111 ESTs from MZ; library matched eight
homologous sequences with 81-100% identity, which
included the E. necatrix zinc finger DHHC domain—

Table 3  Primary homologous analysis of the genes filtered from subtractive libraries

Clone ID Frequency Description Accession number Identity (%)

MZ,-3 1 Eimeria necatrix heterogeneous nuclear ribonucleoprotein A3, putative XM 013585211.1 99

MZ,-13 1 Eimeria necatrix aldehyde dehydrogenase, putative XM 013580562.1 98

MZ,-17 34 Eimeria necatrix hypothetical protein, conserved XM _013583343.1 99

MZ,-57 41 Eimeria necatrix hypothetical protein, conserved XM 013582993.1 99

MZ,-71 29 Eimeria necatrix hypothetical protein, conserved XM _013583506.1 99

MZ;-30 31 Eimeria necatrix hypothetical protein, conserved XM _013584772.1 81

MZ;-31 2 Eimeria necatrix hypothetical protein, conserved XM _013578039.1 88

MZ;-47 17 Eimeria necatrix zinc finger DHHC domain-containing protein, XM 013584833.1 84
putative partial mMRNA

MZz5-73" 7 Eimeria maxima mRNA for immune mapped protein 1 (IMP1), FN813228.1 99
strain Houghton

MZ;-88 11 Eimeria necatrix zinc finger DHHC domain-containing protein, XM _013584833.1 87
putative partial mMRNA

MZ;-95 9 Eimeria necatrix hypothetical protein, conserved partial mRNA XM 013584772.1 87

MZ;-117 3 FEimeria necatrix hypothetical protein, conserved partial mRNA XM 013584772.1 81

MZ5-99" 31 Wauchereria bancrofti genome assembly W_bancrofti Jakarta, LM007495.1 100

scaffold WBA_contig0006196

 Absent in our RNA-seq data (Su et al. 2017)
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Table 4 Comparisons of gene expression level between SSH and RNA-seq data
Clone  Gene ID qRT-PCR RNA-Seq™
ID
Gene Gene Statistical Up/ MZ-2 MZ-3  log," Mz Up/
expression expression significance downregulated FPKM FPKM M#3 downregulated
in MZ-2 in MZ-3 (P) in MZ-3 in MZ-3
MZ,-3 XM_ 1.00 = 0.11 0.78 £ 0.22 >0.05 - 217.60 4776 2.19 Down
013585211.1
MZ,-13  XM_ 1.00 £ 0.20 0.04 + 0.03 <0.01 Down 0.43 0.27 0.67 -
013580562.1
MZ,-17 XM _ 1.00 = 0.51 0.33+£0.23 <0.05 Down 12.11 5.06 1.26 Down
013583343.1
MZ,-57 XM_ 1.00 £ 1.01 0.51 £0.15 <0.05 Down 2.84 1.39 1.03 Down
013582993.1
MZ,-711  XM_ 1.00 £ 0.08 0.03 £0.01 <0.01 Down 60.27 29.14  2.07 Down
013583506.1
MZ;-30 XM 0.72 +0.13 1.00 + 0.66 >0.05 - 3.56 1086  —1.61 Up
013584772.1
MZ;-31 XM 0.51 +£0.12 1.00 £ 0.24 <0.05 Up 62.83 30332 —2.27 Up
013578039.1
MZ;-47 XM 0.02 + 0.01 1.00 £ 0.12 <0.01 Up 0.00 0.51 -0 Up
013584833.1
MZ;-88 XM _ 0.03 + 0.02 1.00 + 0.16 <0.01 Up 0.00 0.51 -00 Up
013584833.1
MZ;-95 XM _ 0.00 = 0.00 1.00 £ 0.81 <0.01 Up 2.72 12.63 221 Up
013584772.1
MZ;5-117 XM _ 0.00 = 0.00 1.00 £+ 0.09 <0.01 Up 272 1263 221 Up
013584772.1
MZ3-73"  FN813228.1 0.21 +0.05 1.00 +0.14 <0.05 Up / / / /
MZ5-99"  LM007495.1 0.02 = 0.01 1.00 £ 0.09 <0.01 Up / / / /

 Absent in our RNA-seq data (Su et al., 2017). A Data from Su et al. (2017). P> 0.05, with no statistical difference; P < 0.05, with statistical difference;

P <0.01, with significant statistical difference

containing protein, E. necatrix hypothetical protein, E.
maxima mRNA for immune mapped protein 1 (IMP1
gene), E. necatrix zinc finger DHHC domain—containing
protein, and Wuchereria bancrofti genome assembly W.
bancrofti Jakarta, scaffold WBA contig 0006196
(Table 3). Of 13 genes, 2 genes (MZ3-73 and MZ5-99)
have not been previously reported in both E. necatrix
genome (Reid et al. 2014) and our RNA-seq data (Su
et al. 2017) (Tables 3 and 4).

gRT-PCR validation of the genes identified by SSH

To verify that the genes identified by SSH were differ-
entially expressed in MZ-2 and MZ-3 stages, the relative
expression of those genes was evaluated by gRT-PCR.
Of 13 genes, the expression levels of 11 genes had sig-
nificant difference between MZ-2 and MZ-3 stages
(P<0.05 or P<0.01), in which 4 genes (MZ,-13, MZ,-
17, MZ,-57, and MZ,-71) were upregulated in MZ-2 and
downregulated in MZ-3, and 5 genes (MZ3-31, MZ3-47,
MZ;-73, MZ5-88, and MZ3-99) were upregulated in MZ-
3 and downregulated in MZ-2. The expressions of MZ3-
95 and MZ;-117 were only detected in MZ-3. The ex-
pressions of MZ,-3 and MZ5-30 have no significant dif-
ference between the two developmental stages (P> 0.05)

@ Springer

(Fig. 2, Table 4). There was no necessary intrinsic con-
nection between the number of sequences and gRT-PCR
results (Fig. 3).

Comparison of gene expression level between SSH
and RNA-seq data

Of 13 genes, 11 genes were found both in SSH and our
RNA-seq data (Su et al. 2017), and displayed a similar
expression trend between SSH and RNA-seq data. Among
the 11 genes, the expression trends of 8 genes (MZ,-17,
MZ,-57, MZ,-71, MZ5-31, MZ3-47, MZ;-88, MZ;-95,
and MZ;-117) were highly consistent between SSH and
our RNA-seq data. For the remaining 3 genes (MZ,-13,
MZ,-3, and MZ3-30), MZ,-13 showed differential expres-
sion only in the gRT-PCR data, while MZ,-3 and MZ;-30
revealed differential expression only in RNA-seq data
(Table 4). In our RNA-seq data, the DEGs between MZ-
2 and MZ-3 were determined using the following filter
criteria: FDR (false discovery rate) <0.05 and the fold
change (FPKM ratio of two samples) >2 or log2 o4
change) > 1 (Su et al. 2017). There was no necessary intrin-
sic connection between the number of sequences and fold
change (Table 4, Fig. 4).
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Fig.2 Relative fold change of gene expression in MZ-2 and MZ-3 by gRT-PCR analysis. The results showed the relative fold change of gene expression
of 13 genes. Each bar represents the mean + S.D. value (n=3). *P <0.05; **P<0.01

Discussion

In our previous study, we conducted RNA sequencing using a
next-generation sequencer to identify the DEG profiles of
MZ-2 and MZ-3 of E. necatrix, and found approximately
2053 DEGs between MZ-2 and MZ-3 (Su et al. 2017). In
the present study, we used SSH to identify the DEGs between
MZ-2 and MZ-3, and further validated our previous RNA-seq
data. A total of 13 genes were obtained: 5 genes were identi-
fied from the forward library (MZ,) including E. necatrix het-
erogeneous nuclear ribonucleoprotein A3, E. necatrix alde-
hyde dehydrogenase, and three E. necatrix hypothetical pro-
teins; and 8 genes from the reverse library (MZ3), including

E. necatrix zinc finger DHHC domain—containing protein,
E. maxima mRNA for immune mapped protein 1 (IMP1
gene), E. necatrix hypothetical protein, and Wuchereria
bancrofti (W. bancrofti) genomic DNA, scaffold
WBA_ contig0006196. Three genes (MZ3-88, MZ3-95, and
MZ5-117) also show high levels of homology to E. maxima
zinc finger DHHC domain—containing protein (99%),
E. maxima hypothetical protein (99%), and E. acervulina hy-
pothetical protein (87%). Of these 13 genes, the expression
trends of 8 genes observed in our gRT-PCR analysis were
highly consistent with our previous RNA-seq data
(Additional file 1: Table S1). These results confirm that these
DEGs exist between MZ-2 and MZ-3 of E. necatrix.
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Fig. 3 The relationship of the
relative gene expression
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In this study, we also found that the expression levels of 3
genes (MZ,-3, MZ,-13, and MZ5-30) were not consistent be-
tween RNA-seq data and SSH, and 2 genes (MZ3-73 and
MZ5-99) had not been previously reported in our RNA-seq
data (Su et al. 2017). The reason for this phenomenon may be
attributable to methodological differences. In RNA-seq, the
expression level of each mRNA transcript is measured by
the total number of mapped fragmented transcripts, and
DEGs are identified using tools that count the sequencing
reads per gene and compare them between samples. The ex-
pected expression level of each transcript is limited by the
sequencing depth or total number of reads, and longer tran-
scripts have more reads mapping to them compared with
shorter transcripts of a similar expression level (Li et al.
2017). Moreover, in alignment step, a number of reads may
be filtered out, which likely results in loss of information (Lee
et al. 2015). SSH technique was used to discover DEGs on a
whole-genome scale. Its versatility is based on combining
cDNA library subtraction and normalization, which allows
the isolation of sequences of varying degrees of abundance
and differential expression (Diatchenko et al. 1999).
Therefore, SSH technique has the advantages that it allows
capture of low abundance transcripts and rapid cloning of
DEGs.

The heterogeneous nuclear ribonucleoproteins A/B
(hnRNP A/B) are among the most abundant RNA-binding
proteins, forming the core of the ribonucleoprotein complex
which associates with nascent transcripts in eukaryotic cells.
The structural diversity of these proteins generates a multitude
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et al. (2014) also found that the biological processes likely to
be affected by these proteins in cells depleted of hnRNP A2
are related to the cell cycle, cytoskeleton rearrangement, and
transcription regulation. In addition, the upregulation of
hnRNP in MZ-2 may be related to the proliferation of MZ-2.

Zinc finger DHHC domain—containing proteins, which
share a variant of the C,H, zinc finger domain defined by
the core Asp-His-His-Cys (DHHC) tetrapeptide sequence
(Putilina et al. 1999), were first identified from
Saccharomyces cerevisiae (Bartels et al. 1999). DHHC pro-
teins have been found to exhibit palmitoyltransferase enzy-
matic activity, which impacts protein trafficking, stability,
folding, signaling, and cellular interactions (Ohno et al.
2012; Mitchell et al. 2006; Edmonds and Morgan 2014). It
has been demonstrated that DHHC proteins are essential for
Caenorhabditis elegans spermatogenesis (Gleason et al.
2006), and play an important role in cellular proliferation
and differentiation (Wang et al. 2015; Zhu et al. 2018). In
Toxoplasma gondii (T. gondii), 16 out of 18 DHHC family
members are expressed in the tachyzoites, of which
TgDHHC?7 localizes to the rhoptry organelles, and five appear
to be essential for survival. In Plasmodium berghei, there is
evidence to suggest that 2 out of 11 tested DHHCs may be
essential during the blood stages. Moreover, in the E. tenella
genome, six DHHC protein genes have been identified (Frénal
et al. 2013). In our previous study, we also obtained six zinc
finger DHHC domain—containing protein genes (Su et al.
2017, 2018). In this study, two zinc finger DHHC domain—
containing protein genes were identified and found to be up-
regulated in MZ-3. Since MZ-3 will develop into gametocytes
in the life cycle of E. necatrix, these two DHHC domain—
containing proteins may provide specialized functions related
to life-cycle transitions.

Immune mapped protein 1 (IMP1) was first identified in
E. maxima using genetic mapping techniques (Blake et al.
2011), and described as a vaccine candidate and invasion fac-
tor for 7 gondii and Neospora caninum (Cui et al. 2012a, b).
TgIMP1 and other members of the IMP1 cluster possess con-
served N-terminal myristoylation and palmitoylation sites
followed by an extended linker region and conserved C-
terminal domain (Jia et al. 2017). TgIMP1 localizes to the
inner leaflet of the plasma membrane via dual acylation (Jia
et al. 2017) and is expressed in all life stages of T gondii,
except in merozoites (Gajria et al. 2008). A comparative anal-
ysis of the transcriptomes of E. acervulina, E. maxima, and
E. tenella, as well as the raw data from the Eimeria transcript
database, revealed two expression peaks appearing in the
stage of sporulated oocysts and during the second generation
of merozoites in E. tenella (Rangel et al. 2013). However, in a
recent study, it was shown that immunofluorescence staining
with anti-recombinant E. maxima IMP1 protein serum re-
vealed intense surface staining in E. maxima sporozoites, but
not in E. maxima merozoites (Jenkins et al. 2015). In our

previous study, one IMP1 transcript in MZ-2, MZ-3, and the
gametocytes of E. necatrix was detected and found to be up-
regulated in MZ-3 (Su et al. 2017, 2018). Both the upregula-
tion of the IMP1 and DHHC genes in MZ-3 suggest that
greater IMP1 anchoring to the plasma membrane in MZ-3
may be conducive to the life-cycle transitions of this parasite.

In the present study, seven differentially expressed genes
were found to encode proteins with unknown functions.
Further characterization of these genes and their products will
provide useful information to identify the genes responsible
for the differentiation and development of the different bio-
logical stages of Eimeria.

Conclusion

This is the first study on the DEGs between MZ-2 and MZ-3
of E. necatrix using SSH. A total of 13 DEGs were identified
between MZ-2 and MZ-3 of E. necatrix. The expression
trends of eight genes were highly consistent with our RNA-
seq data. Two genes have not been previously reported in
E. necatrix genome. These DEGs may provide specialized
functions related to the life-cycle transitions of Eimeria.
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